Imaging SpectroRadiometer (MODIS) observations for decades since early 2000 and widely used for air quality and climate change research. However, the operational MODIS Aerosol Optical Depth (AOD) products Collection 6 (C6) can still be biased, because of uncertainty in assumed aerosol optical properties and aerosol vertical distribution. This study investigates the impact of aerosol vertical distribution on the AOD retrieval. We developed a new algorithm by considering dynamic vertical profiles, which is an adaptation of MODIS C6 Dark Target (C6_DT) algorithm over land. The new algorithm makes use of the aerosol vertical profile extracted from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) measurements to generate an accurate top of the atmosphere (TOA) reflectance for the AOD retrieval, where the profile is assumed to be a single layer and represented as a Gaussian function with the mean height as single variable. To test the impact, a comparison was made between MODIS DT and Aerosol Robotic Network (AERONET) AOD, over dust and smoke regions. The results show that the aerosol vertical distribution has a strong impact on the AOD retrieval. The assumed aerosol layers close to the ground can negatively bias the retrievals in C6_DT. Regarding the evaluated smoke and dust layers, the new algorithm can improve the retrieval by reducing the negative biases by 3-5%.
Introduction
Aerosols suspended in the atmosphere are of importance on human health, cloud formation, precipitation, and climate change [Intergovernmental Panel on Climate Change (IPCC), 2013] . Most of the aerosols are produced by, e.g., desert dust, forest fire, volcano ash, and industrial emissions. These aerosols can move by wind, sink by their gravity, and be removed by variable weather (e.g., precipitation and cloud formation) on a regional or the global scale. Hence, aerosol loadings and properties present a strong variability over space and time.
Many studies have been done to obtain aerosol properties with ground-based and spaceborne instruments. Observing the Earth from space, satellites have the unique advantage of large or even global coverage. Therefore, they have been extensively used to retrieve aerosol properties, such as the single viewing satellite sensor MODerate Resolution Imaging SpectroRadiometer (MODIS) Levy et al., 2007a Levy et al., , 2013 Hsu et al., 2004 Hsu et al., , 2006 Hsu et al., , 2013 Sayer et al., 2013 Sayer et al., , 2015 Sayer et al., , 2016 , the advanced very high resolution radiometer (AVHRR) [Stowe et al., 1997; Mishchenko et al., 1999] , multiangle viewing sensor Advanced Along-Track Scanning Radiometer (AATSR) [North, 2002; North et al., 1999; Grey et al., 2006; Thomas et al., 2009] , multiangle Imaging Spectroradiometer (MISR) [Martonchik et al., 1998 [Martonchik et al., , 2002 [Martonchik et al., , 2009 Keller et al., 2007] , PoLarization and directionality of the Earth's Reflectances (POLDER) [Tanré et al., 2011; Herman et al., 2005; Dubovik et al., 2011] , and active detection sensor Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) D. Liu et al., 2008] .
For characterizing aerosol concentration and evaluating the impacts of aerosols on climate change, aerosol optical depth (AOD) has gained a lot of attention from the scientific community. This is because AOD can be applied to indicate aerosol amount or particulate matter mass near the surface to monitor air quality [e.g., Chu et al., 2003; Engel-Cox et al., 2004; Nicolantonio et al., 2007; Hoff and Christopher, 2009; Wu et al., 2012;  10.1002/2016JD026355 Guo et al., 2016] . It also can be used to estimate the aerosol cooling effects [e.g., Kaufman et al., 2002; Myhre, 2009; IPCC, 2013; Xu et al., 2016] .
MODIS AOD product has been proven to be "state of the art" after several generation developments Levy et al., 2007a Levy et al., , 2007b Levy et al., , 2013 Hsu et al., 2004 Hsu et al., , 2006 Hsu et al., , 2013 and extensive and rigorous validations against ground measurements [e.g., Levy et al., 2005 Levy et al., , 2010 Sayer et al., 2013; Tao et al., 2015] . This product has been widely applied for scientific research. However, the MODIS AOD over land (e.g., Collection 6 Dark Target (C6_DT) AOD) still has a large uncertainty with the expected accuracy envelope ±(0.05 + 15%).
The uncertainty of MODIS AOD product over land is caused by many reasons. From previous papers, we already know that surface reflectance and aerosol model choices are a source of uncertainty [e.g., Li et al., 2009; Kokhanovsky et al., 2010; Lyapustin et al., 2011a; Kokhanovsky et al., 2015; Wu et al., 2016a Wu et al., , 2016b . However, other issues may need more attention such as aerosol vertical distribution.
The distribution of aerosols in the atmosphere can be very diverse and be different at different vertical levels. Different distributions for aerosol layers have been applied in a number of studies. For example, the Gaussian distribution was applied in the Deep Blue AOD algorithm [Hsu et al., 2004] , for typical smoke to retrieve the layer height [Lee et al., 2015] , and for POLDER aerosol retrieval algorithm , whereas exponential distribution was applied for all aerosol models in the MODIS DT AOD algorithm over land [Levy et al., 2007a] . Since a fixed vertical profile was used in the MODIS algorithm that assumed most aerosols (78%) statically distributed below 3 km globally, this may give a significant bias in the AOD retrieval for the elevated aerosol layer. Through a sensitivity study, Wu et al. [2016a] demonstrated that for elevated smoke or dust layers (e.g., altitude = 7 km), the MODIS C6_DT algorithm can negatively bias the AOD retrievals by >10%. The Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP), flying as one of A-train instruments, can provide information on aerosol vertical profile that may be used to refine the AOD retrieval in the MODIS (Aqua) algorithm.
In this study, we developed a new algorithm (called Gau_DT) to retrieve the AOD by considering a dynamic aerosol profile with the synergistic use of MODIS and CALIPSO data. The inferred aerosol vertical profile from CALIPSO data is parameterized into the algorithm to generate an accurate top of the atmosphere (TOA) reflectance for the AOD retrieval. Section 2 introduces the Gau_DT algorithm, including the investigation of the relationship between the profile and TOA reflectance, as well as the discussion on the sensitivity of the AOD retrieval to the variation of the profile. Section 3 introduces the data collected by AERONET, MODIS, and CALIPSO and the derivation of aerosol vertical distribution from the CALIPSO data. Section 4 provides case studies (smoke and dust aerosol) to show the impact of aerosol vertical distribution on the AOD retrieval with the comparison between Gau_DT and C6_DT AOD. Conclusions are presented in section 5.
Method

Basic Algorithm
Many studies show improvements in DT algorithm [e.g., Lyapustin et al., 2011a Lyapustin et al., , 2011b Wu et al., 2016b] . However, few are global and/or time efficient. We make use of the C6_DT version [Levy et al., 2013] as a reference to develop our new algorithm since this version has been found to be mature and widely accepted by the community. Here we briefly review the C6_DT AOD retrieval. In C6_DT, the radiance observed by the satellite (TOA radiance) is represented as the sum of two parts: one part due to the atmosphere scattering and the other due to the net interaction between the surface and the atmosphere. Through normalization (radiance converted to reflectance), the TOA reflectance can be written as [Kaufman et al., 1997] Table 1 ), where ExpH2 is applied in MODIS C6 algorithm. The total AOD tot is set as 0.5. Here the distributions at higher (>15 km) altitude are not shown due to small values of AOD. Reproduced with permission from Wu et al. [2016a] . Copyright 2016 MDPI. Regarding the mixture of fine (e.g., smoke) and coarse particles (dust), the total spectral tot * at the top of the atmosphere is calculated by linearly mixing the spectral TOA reflectance ( f * ) in fine-aerosol-dominated atmosphere and the one ( c * ) in coarseaerosol-dominated atmosphere, i.e.,
where is the mixing ratio defined as the ratio of the fine AOD f to the total AOD tot . The parameter is spectrally dependent; hereafter we use at 0.55 μm, unless specified otherwise. Note that the linear mixing method is only applied for a "dark surface" (0.0 < s 2.11 < 0.25, procedure A in C6_DT).
Over a dark surface, the MODIS C6_DT algorithm retrieves AOD , fine ratio , and the 2.11 μm surface reflectance
, by fitting the simulated reflectance with the MODIS measurement at three bands (0.466, 0.644, and 2.11 μm).
The aerosol vertical distribution and its parameterization in the new algorithm are detailed in the next sections.
Aerosol Vertical Distribution
Aerosol layer can be represented as Gaussian and exponential function, as well as power law and random function. To reduce the number of the distributions, we classified them into two groups based on their characteristics. Exponential and power law functions are sorted into one group, because both of them indicate more aerosols in the lower boundary layer and less in the upper boundary layer. Random and Gaussian distribution are sorted into another group. Random distribution with a limited geometric thickness (e.g., 2 km) to some degree can be viewed as a homogeneous layer and thus can be approximately represented as a Gaussian function. Thus, exponential and Gaussian distributions were selected for analysis.
The vertical profile (layer shape and altitude) is controlled by one or two variables in the selected distributions such as a scale height h in exponential distribution and the mean height and the thickness of the aerosol layer in Gaussian:
where z i is an altitude of the ith aerosol layer. Figure 1 shows the exponential distributions with the scale height h ranging from 1 to 6 km by step of 1 km. By increasing the scale height, more aerosols are distributed to a higher level in the atmosphere. Note that the exponential distribution with h = 2 (labeled as "ExpH2") is applied in the C6_DT algorithm.
For the Gaussian distribution, aerosol layers are assumed to have a limited thickness, where the aerosol particles are truncated into the interval of Gaussian 2 . We note that with a low mean height (e.g., = 0 km) the Gaussian distributions will give some aerosols below the surface. This is invalid for the real case. To avoid this situation, we keep the aerosols above the surface and remove the aerosols below the surface, but the total ( amount of aerosol is still kept the same as other normal cases (e.g., > = 3). Additionally, the vertical resolution of the aerosol layer is also taken into account since the resolution can change the layer shape. Six kinds of Gaussian distributions (Gau1 → Gau6) are given in Table 1 and shown in Figure 2 . They differ in three variables: mean height (0 and 3 km), geometrical thickness (0.5 and 1 km), and vertical resolution (0.5 and 1 km).
The Relationship Between the TOA Reflectance and Aerosol Vertical Distribution
To parameterize the aerosol vertical profile into the algorithm, the relationship between the TOA reflectance and aerosol vertical profile needs to be quantified. Since the TOA reflectance is nearly nonsensitive to the aerosol vertical profile at long wavelengths (e.g., 0.644 and 2.12 μm) [Wu et al., 2016a] , we focused on the variation of the TOA reflectance at a short wavelength (0.466 μm) to the different profiles including six Gaussian (Gau1 → Gau6) and six exponential distributions (ExpH1 → ExpH6) (see Table 1 ). Figure 3 presents the simulated 0.466 μm reflectance at TOA with Gaussian distributions (Gau1 → Gau6). Smoke and dust models were used. The TOA reflectance is nearly nonsensitive to the shape of the aerosol Figure 2 . Discrete Gaussian distributions. The distributions shown in the figure is also given in Table 1 . The total AOD tot is set as 0. 5. vertical distribution such as the geometrical thickness and vertical resolution of the aerosol layer, while it shows high sensitivity to the mean height. The result with exponential distributions is similar (not shown here). A similar result was also demonstrated in Lee et al. [2015] . We found that the TOA reflectance with dust model presents less variation with the mean height than with smoke model. This is because dust is less absorbing than smoke.
Since the mean height is a major factor that influences the TOA reflectance, it is expected that the TOA reflectance with Gaussian distribution is similar to the one with exponential distribution Figure 3 . The TOA reflectance at 0.466 μm when the Gaussian distributions "Gau1-6" are used. The definition for these distributions is also shown in Table 1 . The reflectance is calculated with (a) smoke and (b) dust model with a given solar zenith angle 0 = 48 ∘ and relative azimuth angle = 180 ∘ , AOD (0.5), and surface reflectance s 2.11 = 0.15. We assume that one-quarter and one-half ratio are for the surface reflectance ratio of 0.466/2.11 and 0.644/2.11.
when their mean heights are equal. To prove this, we simulated the TOA reflectance with one exponential ExpH2 and two Gaussian distributions ( = 0 and = 3, labeled as "GauH0" and "GauH3," respectively). Figure 4 illustrates the TOA reflectance with the three distributions (ExpH2, GauH0, and GauH3), given as a function of viewing angles. From this figure, we can see that the ExpH2 reflectance mostly falls within Table 1 ). Other symbols are similar to those in Figure 4. the envelope of the GauH0 and GauH3 reflectance. Note that in ExpH2 distribution the mean height is −2 ln(0.5) = 1.4 km (between 0 and 3 km). Nevertheless, with a large viewing angle (e.g., v > 80 ∘ ), the TOA reflectance with ExpH2 distribution is less than that with GauH3. This is mainly due to a different vertical slant path depending on layer/height thickness in the calculation of radiative transfer.
To further clarify the relationship between the layer mean height and the TOA reflectance, Gaussian distribution is selected for the aerosol layer where both the geometrical thickness and the vertical resolution of the layer are fixed at 1 km. Since the layer can climb up to higher altitude such as the dust layers that can reach 3 to 6 km in North Africa and Arabian Peninsula [D. Liu et al., 2008; Huang et al., 2015] , we extend the mean height to a wider range (e.g., 0-10 km) for analysis. Figure 5 presents the TOA reflectance with the Gaussian distributions where the smoke model is used. With a given geometrical viewing, the TOA reflectance presents an approximately linear decrease as increasing the altitude of aerosol layer. This is due to the fact that more isotropic scattering reflected by the Rayleigh layer is attenuated by the aerosol layer.
In summary, the TOA reflectance is highly sensitive to the mean height of the aerosol layer and nearly nonsensitive to the layer shape. Further, with the increase of the mean height, the TOA reflectance presents a linearly decreasing trend. Wu et al. [2016a] demonstrated that the AOD retrieval is affected by different aerosol vertical profiles. Nevertheless, the dependence of the retrieval on the layer mean height was not fully evaluated and needs to be further clarified for our study. To address this, we designed a synthetic experiment in which the TOA reflectance was simulated with Gaussian distributions using off-line LUTs. Four mean heights (0, 3, 6, and 9 km) were set for the distribution (labeled as GauH0, GauH3, GauH6, and GauH9). The MODIS C6_DT algorithm over land (procedure A) is used in this experiment.
The Sensitivity of the AOD Retrieval to Aerosol Vertical Distribution 2.3.1. Experiment Setup
The experiment is extensively evaluated with aerosol properties and the observation and illumination geometries (880 geometrical combinations: 0 < 48 ∘ , ≤ 60 ∘ , and ≤ 180 ∘ ). Three fine mode aerosols including absorbing (smoke, 0 = 0.87), moderately absorbing (generic, 0 = 0.92), and nonabsorbing aerosols (urban-industrial, 0 = 0.95), and one coarse model aerosol dust ( 0 = 0.95) [Levy et al., 2007b] were used, with seven aerosol loadings (0.0, 0.25, 0.5, 1.0, 2.0, 3.0, and 5.0) and five fine ratios (0, 0.2, 0.5, 0.8, and 1). The 2.11 μm surface reflectance s 2.11 was assumed to be 0.15. The ratios of the spectral surface reflectance are given as 0.25 and 0.5 for 0.466 and 0.644 μm versus 2.11 μm, respectively.
For the evaluation of AOD errors, we use the C6_DT AOD as the reference value instead of the truth. This is because there are some intrinsic errors in the algorithm [Levy et al., 2007a; Kokhanovsky et al., 2010; Wu et al., 2016a] . The relative error or difference of AOD retrievals ( ) is defined as
where ref indicates the reference which is given as the retrieval when the ExpH2 TOA reflectance is simulated. The experiment results are described by averaging 880 geometrical combinations. Figure 6 presents the AOD errors with the four simulations (GauH0, GauH3, GauH6, and GauH9), where the ExpH2 LUT is used in the retrieval procedure. The result with smoke mixtures is shown in the figure, whereas the results with other mixtures are not given due to their generally small errors ( ( ) < 10%). The AOD errors are highly dependent on the mean height. Specifically, the simulation with a low aerosol layer (GauH0) gives an overestimation of the AOD retrieval. By contrast, the simulation with a high layer (GauH3, GauH6, and GauH9) causes an underestimation. In addition, the underestimation becomes even larger when a higher layer (e.g., GauH6 and GauH9) is used in the simulation. Furthermore, the error increases with increasing AOD. With AOD ≤2.0, the errors are limited to 5-20% , whereas the errors increase by >10% when AOD ≥3.0. With the increase of aerosol loading, the errors with dust model ( = 0) do not steadily increase as that with other pure fine models. This points to possible issues with the scattering phase function of the dust model.
Experiment Results
New AOD Retrieval With Dynamic Aerosol Vertical Distribution
The experiment suggests that dynamic profile for aerosol layer has a significant impact on the AOD retrieval.
To investigate this impact, we developed a new algorithm (Gau_DT) by parameterizing the profile into the retrieval. In this algorithm, the LUT is precalculated with a known vertical profile which is simply described as the Gaussian distribution, with the mean height as single variable. The geometrical thickness and the vertical resolution are fixed at 1 km for the distribution. To avoid too many LUTs applied that would consume a huge memory, three basic LUTs were prepared with the layer mean height of 0, 3, and 6 km. The LUTs will be further linearly interpolated or extrapolated to the measured mean height in the retrieval. The measurements are extracted from MODIS level 2 product "Mean_Reflectance_Land" (MYD04_L2), which is obtained through gas correction, cloud and water mask, and dark target filtering, reported at 10 × 10 km. As for the mean height,
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we derived this parameter from CALIPSO data. More details of MODIS and CALIPSO data are introduced in the next section, as well as the derivation of the mean height. AERONET measurements are also introduced as ground truth data of AOD.
Data
AERONET Measurements
The sun photometers of AERONET provide a data set of spectral AOD at wavelengths (0.34, 0.38, 0.44, 0.67, 0.87, and 1.02 μm) retrieved from observations of the extinction of direct solar radiation under cloud-free condition. This data set is a high quality (∼0.01-0.02 uncertainty) AOD with high temporal resolution (every 15 min or more often) and is extensively used for the validation of satellite AOD products [e.g., Levy et al., 2010; Kahn et al., 2010; Carboni et al., 2012; Sayer et al., 2012 Sayer et al., , 2013 Tao et al., 2015] . Collected from the AERONET Version 2.0 Level 2 that are quality-assured, cloud screened, and calibrated data, the spectral AOD is reported at 0.55 μm using the method of quadratic fitting on log scale [Eck et al., 1999] and used to evaluate the accuracy of satellite AOD retrievals.
MODIS Data
Two MODIS sensors, one on Terra and the other on Aqua, are observing the TOA radiance at 36 channels, with a wide swath of 2030 × 1354 km in resolutions of 250 m to 1 km (depending on channels and sensor viewing angle). Terra and Aqua have an equator crossing time of 10:30 and 13:30, respectively, monitoring the Earth daily with nearly global coverage. MODIS Aqua data are used here because CALIPSO and MODIS Aqua belong to the A-Train constellation, observing the same place at the nearly same time. CALIPSO Levels 1 and 2 data are produced by CALIPSO science team [Winker et al., 2006; Vaughan et al., 2005] . The Level 1 data are the measurements of attenuated backscatter coefficients at 532 and 1064 nm after instrument calibration. By considering that the weaker signals are received from the higher atmospheric layers, an onboard averaging method was developed which provides full (lower) resolution in the lower (higher) atmosphere such that resolution of 30 m is only up to 8 km altitude [Winker et al., 2006] . The Level 2 data provide users with the vertical features and properties of cloud and aerosols. One of the Level 2 products, vertical feature mask (VFM), is generated from the Level 1 data with the feature finder algorithm that detects and determines cloud and aerosol layers [Vaughan et al., 2005] . We use the VFM data for the detection of aerosol layer. More details about this are introduced in the next section. Figure 7a shows a sample plot of total attenuated backscatter at 532 nm observed during daytime using CALIPSO Level 1 data (data set: "Total_Attenuated_Backscatter_532"). Figure 7b presents vertical feature mask observed at the same time and place, using CALIPSO Level 2 VFM data (data set: "Feature_Classification_Flags"). In this figure, several types are determined such as clear air, cloud, aerosol, and the surface. Combining Figures 7a and 7b , it is apparent that the most attenuated backscatter is determined as "cloud" (white color in Figure 7a and cyan color in Figure 7b ), whereas the moderately attenuated backscatter is determined as aerosol (orange color in Figure 7b ). Note that there is no signal (black color) below the cloud in Figure 7b .
CALIPSO Data
The Derivation of Aerosol Vertical Distribution (Layer Mean Height)
The mean height of aerosol layer is derived from Level 2 VFM product in two steps (also see Figure 8 ):
Step 1. In this step, clear air and aerosol layers are to be determined further within a window of 0.5 × 10 km (16 × 30 pixels in VFM data). An extraction method was developed for these two kinds of layers. This method searches and counts aerosol pixels from the top to the bottom of the vertical column. The window that has more than 50% aerosol pixels will be assigned as "aerosol." If it is not the case, we count clear air pixel numbers. The window that has more than 50% clear air pixels will be assigned as "clear air"; otherwise, it is given as "blank." In the search process, aerosol pixels are always first detected in the column, then clear air pixels. If there is no aerosol pixel found, then the whole column is assigned as blank. Step 2. Aerosol layer boundary and the layer mean height are extracted. In each vertical column with a width of 10 km, the top and base height of each aerosol layer are detected. The layer mean height is calculated by averaging the height of the top and base. Aerosol vertical profile is assumed to be a single layer. Figure 7c illustrates the vertical feature mask with Step 1. Four types are given in the figure. They are air/cloud, clear air, aerosol, and others (could be surface, air, cloud, or a mixture of them). The undetermined area (white color) indicates that there is no aerosol found in the column. Figure 7d shows the boundary and mean height of the aerosol layer after Step 2.
Due to the nadir view only of CALIPSO, the derived height has a narrow swath (30 m). To solve the mismatch between MODIS (10 km) and aerosol height data, we resampled the height data into seasonal (5 × 5 ∘ ) and real-time data sets (10 × 10 km), respectively. The seasonal data set is obtained by averaging the height data over a season, whereas the real-time data set is obtained by assuming the height to be homogeneous across the CALIPSO track and extending it to the whole MODIS swath (2030 km). These two data sets are used for the new algorithm. We note that the assumptions of single layer and horizontal homogeneity for the aerosol profile can hold well for the cases of a long-range pollution of dust or smoke since the aerosol layers tend to be homogeneous [Lee et al., 2015] . It may not hold well for the cases that have complicated atmospheric conditions. In addition, zero values for the layer height could happen under a clear sky. For this case, we use the mean height of ExpH2 (1.4 km) instead.
Results and Discussions
Gau_DT was applied to smoke and dust regions. Cases of light moderately absorbing and nonabsorbing aerosols are not discussed here. This is because for these cases the impact can be easily covered by some other potential errors that could arise from instrument measurement uncertainty (e.g., calibration and random errors in channels) and from the inappropriate assumptions on the aerosol model and the relationship of surface reflectance for visible versus short wave Infrared wavelengths. Through a sensitivity analysis, Levy et al. [2007a] demonstrated that 3-5% errors (mean square error) of the retrieval could be accounted for by the errors of MODIS measurements or the spectral surface reflectance (presented in Levy et al. [2007a, Table 4b ]), and would be even larger by combining these two source errors. These errors are comparable to the ones due to the aerosol dynamic vertical distribution when moderately absorbing (generic) and nonabsorbing (urban-industrial) aerosols are observed especially under light aerosol loading (e.g., AOD). 
AOD Validation With AERONET Data
The new AOD retrievals were validated using AERONET AOD data. Following the method introduced in Petrenko et al. [2012] , MODIS AOD pixels within a circle of 25 km centered at a ground site were selected and averaged where the maximum pixels is limited to 25. AERONET measurements were averaged over a ±30 min interval centered on the Aqua satellite overpass time. A valid collocation requires that at least three MODIS pixels and two AERONET measurements present within a selected spatial-temporal window [Levy et al., 2013] . For the comparison with Gau_DT, C6_DT AOD was also added. The AOD bias in the DT algorithms is evaluated as Bias = (DT -AERONET) / AERONET
Three years (2008) (2009) of MODIS data were collected over middle Asia (dust) and middle Africa (smoke) areas. The related information for the areas is given in Table 2 . To clearly show the difference between Gau_DT and C6_DT AOD, we chose the data with the layer height >2 km. There are 437 and 470 cases collected with seasonal and real-time height data sets, respectively. Figure 9 shows scatterplots of MODIS AOD versus AERONET data. There are some improvements on AOD retrieval bias. From Figures 9a and 9b , we can see that the bias was reduced in Gau_DT. The reductions are 3% (−3.3% to −0.3%) and 4% (−5.6% to −1.6%) with seasonal height data set and with real-time data set, respectively. The improvement becomes more significant for higher layers (height >2.5 km), as shown in Figure 9c . We found that the bias was reduced by 5.2% (from −6.2% to −1%) with the real-time data set. This demonstrates that Gau_DT can substantially reduce the negative bias due to the elevated aerosol layers. Nevertheless, the AOD uncertainty in Gau_DT still remains since there are trivial improvements in the correlation coefficient R. This uncertainty is mainly attributed to the other potential errors, i.e., errors in the spectral surface reflectance. Note that the results with the seasonal data set are not shown due to too few cases with height >2.5 km.
To get a better insight, two concrete cases of dust and smoke were selected which are located at Mongu (middle Africa) and Pantnagar (middle Asia), respectively. The results are shown with the real-time height data set. Figure 10 shows C6_DT and Gau_DT AOD over middle Africa area, obtained on 16 July 2009. The CALIPSO track is across the MODIS image from the bottom to the top, denoted as a red line in Figure 10d . The mean height of aerosol layers is given as red line in Figure 7d . In Figure 10a , there are a lot of smoke plumes caused by fires where most plumes are originated from the eastern part (24 ∘ -32 ∘ E) and raised up to a higher level. The climbed-up layers present much higher altitude (height >2.5 km, see Figure 7 ) than the assumption (height = 1.4 km) in C6_DT. As result, we can see that for the eastern part (Figure 10d ) Gau_DT AOD can differ by >5% (>0.02) with C6_DT. Further, the new retrieval was found to be less biased by 5% than C6_DT against Mongu measurements. Nevertheless, for the western area, Gau_DT and C6_DT AOD do not differ too much. This is mainly because the impact due to the elevated layers is small under the oblique viewing and light aerosol loading (AOD < 0.1). Figure 11 presents the MODIS DT AOD with the dust event, acquired on 17 July 2008. In Figures 11b and 11c , there is no AOD retrieval over large bare soil areas since the DT algorithms cannot be applied over bright surface areas. The retrievals become available over north India (dark surface area). Dust particles were well detected by both the DT algorithms (fine ratios retrieved as 0). The dusts were from the Middle East (e.g., Iran or Sahara desert) by long distance transport, with the layer mean height ranging from 2.8 to 3.5 km (see Figure 12 ). Regarding this highly elevated layer, Gau_DT AOD presents significantly larger (5%-10%: 0.02-0.04) value than C6_DT. In addition, the new retrievals around Pantnagar increased by 5% (0.025) compared to C6_DT and are closer to the ground truth.
Conclusion
The MODIS C6_DT algorithm has successfully achieved the retrievals by using a fixed vertical profile for the aerosol layer over the globe. However, the assumption of the static vertical distribution may lead to some errors in the AOD retrieval especially for elevated aerosol layers.
In this study, a new algorithm was developed that is based on the MODIS C6_DT algorithm to account for the impact of dynamic aerosol profile in the AOD retrieval, by using MODIS and CALIPSO measurements. The relationship between the TOA reflectance and aerosol vertical profile is investigated as well as the sensitivity of the AOD retrieval to the aerosol vertical distribution under extensive conditions. We found that in the aerosol vertical profile the layer mean height is the major variable that influences the TOA reflectance. Specifically, the TOA reflectance linearly decreases with the increase of the mean height. This leads to a high sensitivity of AOD retrieval to different profiles especially when smoke or dust aerosols are observed. Normally, the use of the fixed profile (ExpH2 in C6_DT) can cause 5% to 20% errors in the retrieval for smoke or dust cases owing to the dynamic profile. To reduce these errors, the profile was parameterized into the algorithm where the profile was assumed to be a Gaussian function with the mean height as single variable. Three basic LUTs are precalculated and linearly interpolated to the measured mean height in the retrieval process.
The new algorithm was applied to smoke and dust regions with three years (2008) (2009) (2010) of data. The mean height of the aerosol layer was derived from CALIPSO VFM data and resampled as seasonal (5 × 5 ∘ ) and real-time data sets (10 × 10 km), respectively. Aerosol vertical profiles are assumed to be a single layer and homogeneous spatially, i.e., 5 × 5 ∘ . To show the impact of the vertical profile on the retrieval, the new AOD are compared with C6_DT and validated against AERONET data.
The results show that elevated aerosol layers have a strong influence on the MODIS AOD retrieval. Generally, the elevated layers can negatively bias the retrieval by 3-5% in C6_DT. The biases are reduced to within −1.6% by the new algorithm. This becomes more significant with the increase of layer height (e.g., >2.5 km). Two specific cases were shown over AERONET site Mongu (smoke) and Pantnagar (dust).
For the elevated layers such that high altitude (3-6 km) dusts frequently occur over "dust belt" (Sahara desert, Middle East, and Taklamakan desert) during summer [D. Liu et al., 2008] , the new AOD retrieval can improve the estimate of the direct radiative effect by >5% when aerosol loading is ≪1.0 [Anderson et al., 2005; Levy, 2007] . Nevertheless, we note that the AOD uncertainty remains due to the errors in spectral surface reflectance. These are subjects for further study. We appreciate the MODIS Team for freely distributed MOD04L2 data downloaded from LAADS (https://ladsweb.nascom.nasa. gov/search) and principal investigators and managers for establishing and maintaining AERONET data. We also like to thank the CALIPSO Team for freely distributed CALIPSO levels 1 and 2 data downloaded from ASDC (https://eosweb.larc.nasa.gov/ HORDERBIN/HTML_Start.cgi). We are grateful to Robert C. Levy for providing us with the source code of MODIS C6 dark target algorithm over land. Thanks to the two anonymous reviewers providing useful and helpful comments to improve the quality of the manuscript. This work was partially supported by China Scholarship Council (CSC) under the grant CSC 201206040045.
